The F waves in the electrocardiogram (ECG) of a patient with common type of atrial flutter were considered as random signals. Simultaneously recorded ECGs from several points on the chest wall were regarded as multiple time series. The number and location of the F wave generators and the direction of circus movement were estimated or determined by applying principal component analysis of the spectral matrix. Further, the multiple and partial coherences between the F waves of simultaneous ECGs were calculated and the following conclusions were obtained: 1. The number of generators for the F waves was one and this generator was assumed to be located somewhere in the right atrium. The differences in the shapes of the F waves recorded on the body surface were due merely to the differences of recording locations. On the other hand, the F waves could be satisfactorily explained by the optimum linear combination of the other leads as indicated from the values of the multiple coherences, which led also to the conclusion of the existence of one generator. 2. The F wave generator propagates a unidirectional circulating excitation wave which progresses in the left atrium in a caudo-cranial direction and in the right in a cranio-caudal direction, but does not send out impulses radially in all directions as suggested by conventional ectopic focus hypothesis. Therefore, atrial fl utter in man could be assumed to be initiated and possibly maintained by one ectopic focus (generator for the F waves) but perpetuation of this arrhythmia by circus movement could not be decisively demonstrated in the present context. 3. Mathematical treatment on the multiple time series which have various phase differences depending upon the recording locations and are often encountered in biology and medicine was succinctly explained. 4. The present study is a sort of inverse problem in electrocardiography as performed by time series analysis and principal component analysis in the frequency domain.
SUMMARY
The F waves in the electrocardiogram (ECG) of a patient with common type of atrial flutter were considered as random signals. Simultaneously recorded ECGs from several points on the chest wall were regarded as multiple time series. The number and location of the F wave generators and the direction of circus movement were estimated or determined by applying principal component analysis of the spectral matrix. Further, the multiple and partial coherences between the F waves of simultaneous ECGs were calculated and the following conclusions were obtained: 1. The number of generators for the F waves was one and this generator was assumed to be located somewhere in the right atrium. The differences in the shapes of the F waves recorded on the body surface were due merely to the differences of recording locations. On the other hand, the F waves could be satisfactorily explained by the optimum linear combination of the other leads as indicated from the values of the multiple coherences, which led also to the conclusion of the existence of one generator. 2. The F wave generator propagates a unidirectional circulating excitation wave which progresses in the left atrium in a caudo-cranial direction and in the right in a cranio-caudal direction, but does not send out impulses radially in all directions as suggested by conventional ectopic focus hypothesis. Therefore, atrial fl utter in man could be assumed to be initiated and possibly maintained by one ectopic focus (generator for the F waves) but perpetuation of this arrhythmia by circus movement could not be decisively demonstrated in the present context. 3. Mathematical treatment on the multiple time series which have various phase differences depending upon the recording locations and are often encountered in biology and medicine was succinctly explained. 4. The present study is a sort of inverse problem in electrocardiography as performed by time series analysis and principal component analysis in the frequency domain. The frequency at the maximum value of the curve of S(f) corresponds to that of the most dominant oscillation contained in the variation represented by that random signal. From the statistical point of view, spectral estimates at each frequency confer several advantages; for instance, these estimates are approximately independent even for relatively short records, so that irregular variations can be decomposed into independent components, which makes analytical treatment much easier. When a specific frequency composing the F waves of the ECG recorded from a particular location is watched, the auto-spectrum gives the activity contained at that frequency and the cross-spectrum emphasizes the activity at that frequency shared between the F waves recorded simultaneously from 2 different locations. Both are expressed as a function of frequency.
The diagonal and non-diagonal elements of the spectral matrix correspond to auto-spectrum and cross-spectrum, respectively. Thus, the spectral matrix may be considered as representing the degree of correlationship between simultaneous leads including phase differences.
We mean by principal component analysis4) of the spectral matrix a mathematical procedure to obtain several common factors contained in the simultaneous ECGs exhibiting F waves or to estimate the number of mutually independent components constituting F waves.
Scher et al5) and Horan et al6) reported on the results of analysis of the QRS complex of the normal ECG by this procedure. These reports were exclusively concerned with principal component analysis in the time-domain. However, in the present study, frequency components of covariance are measured as cross-spectrum, analysis in the frequency-domain is carried out and this analysis is more complex compared with that in the time-domain. Thus, the situation becomes rather complicated, and things are not quite so simple as in the time-domain.
MATERIALS AND METHODS
The object was exclusively to analyze ECGs of a 87-year-old male patient who had chronic common type of atrial flutter accompanied by atrioventricular (AV) block of 4:1 to 8:1. A simultaneous 3-lead (aVR, aVL, and aVF) ECG of this case is shown in Fig. 1 . Because multi-channel electrocardiograph connected to magnetic tape recording apparatus was not available at hand, recording was made with electroencephalograph as follows: The right hand was used as a remote electrode. Four points on the chest wall were used to compose different lead locations. ECGs were recorded 7 times in all for 5 electrode arrays as shown in Table  I . These ECGs were simultaneously recorded on a magnetic tape. Analog-digital (A-D) transform of the data was performed for 8 sec at a sampling interval of 10msec. The spectra calculated exhibited a large peak corresponding to the frequency of F waves at about 4.0Hz, so that a continuous record including both QRS complex and T wave can be regarded as the object of analysis.
Mathematical procedures7))8) are as follows:
Jap. Heart J. J anuary, 1980 Fig. 2 . The frequency (cps) is plotted along the abscissa and the quantity of spectra in arbitrary units, along the ordinate. Channels 1, 2 and 3 represent the spectra of Array 1 when the electrode in each channel is placed at the location corresponding to lead V1, V3 and V5, respectively, and channel 4 shows the spectrum when the electrode is placed on the xiphoid. A large peak is found at 4 cps common to spectra at each recording location. The values of multiple coherences are shown in the diagonal, those of simple coherences, in the right upper part, and those of partial coherences, in the left lower part.
From up to downwards, recording locations for each array are as follows: Array 1: location corresponding to lead V1(V1), location corresponding to lead V3(V3), location corresponding to lead V5(V5) and xiphoid; Array 2: V1, V3, location 2 interspaces higher than lead V5 and xiphoid; Array 3: V1, V21 location 2 interspaces higher than lead V5 and xiphoid; Array 4: V1, right sternal border in the 2nd intercostal space, location 2 interspaces higher than lead V5 and xiphoid; Array 5: V1, right mammilary fine in the 5th intercostal space, V5 and xiphoid. Ramos23) and Kimura et al.22) In atrial flutter produced by topical application of aconitine and electrical stimulation reported by Scherf15),16) and Prinzmetal et al, 11) it would correspond to the site of their application. In the site of aconitine application, the transmembrane potential of the cells showed a rapid oscillation.24) Besides, rapid firing at the point of stimulation was observed in electrically induced atrial fibrillation. 25) However, the location of the focus in atrial flutter in man remains unknown or rejected. Scherf16) who advocated the ectopic focus hypothesis regarded the AV junction as the focus in common type of atrial flutter and concluded that flutter might arise from the region of the AV node. Prinzmetal et al11) reported that it was located in the caudal part of the atrium. And further, Scherf and Cohen26) concluded that the F waves arised from the region of the AV junction. Meanwhile, the focus was assumed to be located in the coronary sinus area from the results of Rosen et al13) and in the caudal part of the left atrium from the observations by Mirowski and Alkan.14)
According to Cranefield, 27 ) the sustained activity characteristic of fibrillation is not caused by circus movement but the activity of automatic foci. He stated that it was not circus movement which perpetuated fibrillation.
If this explanation holds in atrial flutter, the generator demonstrated by us would correspond to a rapid automatic focus of Cranefield. If so, circus movement suggested by us could be assumed to be caused by rapid automatic foci. Though Cranefield postulated several foci for circus movement, it is reasonable to assume that the presence of one focus (generator) is sufficient for atrial flutter from the present investigation.
From these discussions and the consideration of the localization of automatic cells in the right atrium by Hoffman and Cranefield,28) a generator or a focus, if present, must be probably looked for somewhere in the right atrium.
As shown in Table II , multiple coherences show values near unity in each array of 4 simultaneous leads.
This result indicates that 1 arbitrary lead among 4 simultaneous leads can be expressed almost completely by the optimum linear combination of the other 3 leads. This corresponds to the results demonstrated by Burger29) that 1 arbitrary bipolar lead could be expressed by the optimum linear combination of the other 3 independent bipolar leads recorded on the body surface if cardiac electromotive force could be regarded as a dipole, and shows that the F waves recorded on the body surface are brought about by 1 generator .
The fact that partial coherences are relatively higher between 2 adjacent locations in at least some arrays as shown in Table II suggests that a central wave circulates following a certain path and centrifugal waves are Jap. Heart J. January, 1980 related with contractions of some considerable muscle mass of the atrium. The mechanism of initiation and that of maintenance of atrial fibrillation are considered to be different in nature.30) It will hold also in atrial fl utter. However, maintenance of atrial flutter could be explained by circus movement, but its initiation cannot be explained by this hypothesis. It is not clear why a generator or a forcus which discharges stimuli at about 4.0 Hz exists somewhere in the right atrium, but the following presumption is possible.
In several experiments which demonstrated the existence of circus movement, atrial flutter can be brought about by applying electrical stimulation or aconitine to any site of the atrium. The mechanism of such electrical phenomena in living bodies as atrial flutter or fibrillation has something in common with the concept by Penfield and Jasper31) of the genesis of epilepsy that the generator of the brain waves in patients who have epilepsy characterized by attacks of loss of consciousness exists in the so-called centrencephalon.
It is also reasonable to assume that a center similar to centrencephalon in electroencephalography is probably present in atrial flutter. This center would correspond to our generator. However, its detail including localization must await further investigation.
A tentative conclusion from the present investigation is as follows: Atrial flutter is initiated and perpetuated by a rapid automatic focus (called generator in our terms) located somewhere in the right atrium. But perpetuation is possible only in a form of circus movement from the present investigation. Therefore the validity of the theory of Cranefield is not evident in the present context.
